We demonstrate that picosecond ultrasonics is a sensitive nondestructive probe of the formation of TiSi, from the reaction of titanium films on silicon annealed at temperatures of 300-800 "C. From the measured change in optical reflectivity, the responses due to electronic excitation, acoustic echoes, and thermal coupling to the underlying Si are resolved. The results show significant differences in the electronic response and the ultrasonic echo pattern before and after the structural phases C49 and C54 TiSi, are formed. The longitudinal sound velocity is measured to be (8.3 *0.2) X lo5 cm/s for C49 TiSiz, and about 5% lower for the C54 phase.
(Received 3 June 1992; accepted for publication 25 September 1992) We demonstrate that picosecond ultrasonics is a sensitive nondestructive probe of the formation of TiSi, from the reaction of titanium films on silicon annealed at temperatures of 300-800 "C. From the measured change in optical reflectivity, the responses due to electronic excitation, acoustic echoes, and thermal coupling to the underlying Si are resolved. The results show significant differences in the electronic response and the ultrasonic echo pattern before and after the structural phases C49 and C54 TiSi, are formed. The longitudinal sound velocity is measured to be (8.3 *0.2) X lo5 cm/s for C49 TiSiz, and about 5% lower for the C54 phase.
The transition metal disilicides are widely used in microelectronic devices as contacts to silicon and as local interconnections. ' Titanium disilicide has one of the lowest resistivities of the silicides, and is often fabricated in a self-aligned silicide process, in which Ti reacts only with exposed regions of single crystal or polycrystalline Si. However, complications arise because TiSi, has two crystalline phases. During the reaction of Ti thin films with Si, the C49 TiSi, structure forms first at about 600 "C with a resistivity of 60-70 pa cm, which is too high for most electronic applications. Further annealing to about 700 "C is required to transform TiSi, to the C54 crystal structure, which has a low resistivity of 15-20 $I cm. This additional annealing step is usually performed after the unreacted Ti is removed by chemical etching, and may lead to agglomeration of narrow TiSi, lines, complicating the fabrication of high density circuits.2 The formation of TiSi, and its transformation from the C49 to C54 phase have been shown to depend significantly on sample preparation and cleanliness of the annealing environment. In general, a higher impurity content results in a higher formation temperature. There is, therefore, a clear need for in situ measurements which reveal the progress of the Ti-Si reaction and the completion of the phase transformation to C54 TiSi,. A conventional optical reflectivity measurement is sensitive to changes in surface composition, but does not provide information on the quality of the underlying silitide and its interface to Si.
In this letter we describe the application of picosecond ultrasonics3*4 to the .detection of titanium silicide formation. In the experiment a subpicosecond light pulse (pump) is absorbed in the silicide or metal film, and a second light pulse (probe) time-delayed relative to the pump is used to measure the change AR in the optical reflectivity. The AR consists of three main parts. The first is due to the ultrafast heating of electrons followed by the rapid relaxation via the electron-phonon interaction. This effect has a typical time constant around 1 ps. The second is caused by the temperature rise in the lilm (after the electrons and phonons are in equilibrium) and the subsequent cooling, which normally has a time constant of several hundred ps. The last part is the acoustic response that arises from the time-varying elastic strain inside the film. (A strain is generated by the relaxation of the thermal stress set up by the pump, and propagates at the longitudinal sound velocity inside the film. j This part is most appreciable when the strain pulse is near the free surface.
The experimental apparatus with which we made our measurements has been described in detail previously.3z4 The samples consisted of thin films of Ti about 350 A thick deposited by electron beam evaporation onto HF-cleaned Si( 100) at a base pressure of 3-5~ lop7 Torr. Individual pieces were annealed in a Ti-gettered flowing He atmosphere for 30 min at temperatures.from 300 to 800 "C. The sheet resistance of each sample before and after annealing is shown in Fig. 1 . The resistance maximum near 450 "C! indicates that the Ti and Si have interdiffused, and the following resistance decrease shows evidence for the formation of C49 TiSi,.5P6 A further decrease above 650 "C has been identified with the transformation to the C54 phase.s.6
In Fig. 2 we show the measured AR for the samples. The data reveal an overall tendency for the sign of AR to. go from negative to positive as the annealing temperature increases. The acoustic echo first seen near 12 ps, which is due to the return of the strain pulse after reflection from the film-substrate interface, shifts to later times, suggesting the formation of a progressively thicker silicide layer. The similar results obtained from 300 to 400 "C indicate no significant TiSi, formation in this temperature range. The shape of AR gradually changes from 450 "C and becomes completely different at 550 "C!. This transition correlates with the decrease in sheet resistance, and is due to the formation of the C49 phase. AR now exhibits a large negative-going spike near t=O. This feature is also shared by the results at 600 and 650 "C, and can thus be considered as a signature of the C49 TiSi,. By looking at the data on an expanded scale, we find that the echoes in Fig. 2 (h) (very weak) and Fig. 2(i) appear approximately at the same time and later than in Fig. 2(g) . This difference in echo time means that the transformation to the C49 phase is not complete at 550 "C, although it is the dominant phase. This conclusion is consistent with the sheet resis- (100) substrates annealed at 300-800 "C.
tance measurements. From Fig. 1 , the resistance decreases 10 Q/O from 500 to 550 "C, but only 3 a/U from 550 to 600 "C, the temperature at which the C49 phase is formed completely. Since TiSi, is metallic, we try to understand the onset for the C49 phase based on previous studies of noble metals. From similar measurements on Au7 and Gus, it has been shown that the sign and magnitude of the onset depend significantly on the probe photon energy. The sign is negative when the photon energy is less than the interband transition energy, and positive when it is greater; the magnitude is largest when the photon energy is near the transition energy. These results can be explained in terms of the smearing of the Fermi distribution due to the heating by the pump. The number of occupied electronic states below (above) the Fermi level decreases (increases) when the temperature goes up. If the probe energy is less than the transition energy, there is a higher probability that electrons in the valence band will be transferred to states below the Fermi level. Therefore more light is absorbed and the reflectivity decreases. The situation is reversed when the photon energy is greater than the transition energy. the electronic temperature rise is typically hundreds of Kelvins with the pump pulse energy we use (0.2 nJ), the variation of the distribution occurs appreciably only for states a few tenths of an eV above or below the Fermi level,' and consequently the onset will be noticeable only when the probe energy is within this range of the transition energy. The photon energy in our experiment is 2 eV. The calculated electronic density of states for C49 TiSi,! shows a peak about 2.2 eV below the Fermi level.' It is therefore reasonable to suppose that the negative onset seen in the C49 phase is caused by an interband absorption similar to that found in Au and Cu.
At 700 "C the negative onset disappears and AR has a new shape, which suggests the dominance of C54 TiSi,. From the density of states calculation for the C54 phase,g a peak occurs at about 1.1 eV below the Fermi level, and the absence of a spikelike feature is thus understandable according to the previous explanation. The echoes in Fig.  2(j) and Fig. 2 (k) appear at the same time, so the C54 phase is entirely formed at 700 "C. This assessment is again justified by the resistance data, which stay constant from 700 to 800 "C. The echo time is also-very close to that in Fig. 2(i) , therefore the sound velocities for the C49 and C54 TiSi, are similar. We will discuss this in greater detail below. The echo at 800 "C becomes weaker compared to that at 700 "C. We think this happens because the acoustic boundary has become less distinct, possibly as the result of a morphological change such as the early stage of agglomeration of TiSi, into narrow lines.
The echo at 12 ps in Fig. 2(a) is caused by the first return of the strain pulse, but no further echo is detected. The absence of subsequent echoes is due to the small value of the acoustic reflection coefficient r,, =O. 17 at the Ti-Si interface." From the echo time we can also get a measure of the thickness of the Ti film. The echo in Fig. 2(a) is broad, and the arrival time can only be determined with an accuracy of f 1 ps. The broadening occurs because Ti has an optical absorption length of 170 A, which is comparable to the film thickness. Thus, the generated strain pulse is broad, and the probe light is sensitive to the strain throughout a substantial part of the film. The two combined effects make the echo time difficult to determine. To get better defined echoes, we have remeasured the same samples after coating with 100 A Al, whose absorption length is 70 A. The results are shown in Fig. 3 . They are more complicated because an extra film is now involved, but are more suitable for analysis. The acoustic signal in Fig. 3(a) , the as-deposited sample, is the sum of a fast and a slow oscillation, one with a period of 3.2=tO. 1 ps, the other with a period of 15.0*0.1 ps. The high frequency oscillation is a vibration of the Al transducer, and its frequency enables us to estimate the thickness of the Al film. The acoustic reflection coefficient from Al to Ti is 0.22," and the vibration of the Al film should consequently be strongly damped. The observed weak damping indicates poor interfacial bonding between Al and Ti. The low frequency oscillation corresponds to the vibration of the combined Al-Ti structure. It is less sensitive to the bonding at the interface since the frequency is much lower. We now have more echoes compared to Fig. 2(a) . The advantages of employing a highly absorbing transducer are clearly demonstrated here. From the periods of the two oscillations, one can determine the thickness of the Ti film as one half the difference of the two periods multiplied by the sound velocity. We estimate the Ti thickness was 360*7 A." In Fig. 3 (h) an echo is observed for the 600 "C sample, the C49 TiS&. The echo after the background is removed ( +), and the best-fit using a Gaussian function for the echo shape are shown in Fig. 4 . The fit has its peak at 24.9 f 0.2 ps, which corresponds to the period of the vibration of the Al-T& structure. TiSi, has a density of 4.04 g/cm3,' with a negligible difference between the C49 and the C54 phase. Using the densities of Ti and TiSi,, one can show that for each angstrom of Ti, 2.51 A of TiSi, is formed. The thickness of the TiSi, layer is therefore 904k 18 A, and the longitudinal sound velocity for the C49 phase can be easily calculated to be (8.3 hO.2) X 10s cm/s. There is also an echo present in Fig. 3 (j) , the C54 phase sample, and it appears slightly later than the one in the C49 phase. The background free echo (0) and the best fit are again shown in Fig. 4 . The difference between the echo times for the two phases can be clearly distinguished. From the fit the peak of the second echo occurs at 26.0X0.2 ps, and we obtain the sound velocity for the C54 phase to be (7.9AO.2) X lo5 cm/s, about 5% lower than that of the C49 phase. This result can be compared with the value (8.7hO.5) X lo5 cm/s, which is obtained from the measured Young's modulus (2.59X lOr2 dyne/cm2) for but TiSiZ1' and Poisson's ratio (0.22*0.07) for the C54 phase. l2
In summary, the phase transformation in TiSi2 was observed by the picosecond ultrasonics technique and the sound velocities for the two structural phases were determined.
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